Abstract An electromagnetic MEMS flapping-wing micro air vehicle at insect scale is presented. The detailed scheme, design, micro fabrication and experiment are given in this paper. Firstly, by commercial software ANSYS and MATLAB, electromagnetic analysis, modal analysis and kinetics analysis are proposed. Moreover, based on the result of theoretical analysis, appropriate structure, material and inherent frequency are selected. Then, a new LIGA-like process based on SU-8 photoresist technology is adopted to fabricate thorax, tergum and vein. Finally, a 3.5 cm wingspan, 144 mg weight prototype is integrated, and then we finish the flapping test for this prototype, which has a flapping resonance frequency range of 120-150 Hz. The test result demonstrates the feasibility solution in the development of FMAV based on MEMS, this work is a stepping-stone on the path toward flying robotic insects.
Introduction
Recently, with the rapid progress of science and technology, micro air vehicle (MAV) is becoming one of the hottest research areas. Many researchers try their best to find a new way to reduce the size and weight of MAV, consequently, some with a weight of a few grams and even a few milligrams have been developed. The research on mechanics of insect flight indicates that when the wingspan is 15 cm below, the way of flapping wing is better (Zhou Jiping et al. 2004) . It has better maneuverability and aerodynamic characteristics than other kinds. Because of its perfect performance in small size, researchers all over the world are involved in flapping-wing micro air vehicle (FMAV) research. As an advanced processing technology, MEMS technology is being used to develop FMAV for smaller size.
In MEMS area, the researchers from Europe and America do much more about FMAV, Fearing et al. from University of California made attempts to create a micromechanical flying insect with a 2.5 cm wingspan (Avadhanula and Fearing 2005; Steltz et al. 2007 ); Wood from Harvard proposed an insect-scale flapping-wing micro air vehicle with a 3 cm wingspan based on piezoelectric actuator (Wood 2007a (Wood , b, 2008 . While, piezoelectric driving needs very high driving voltage (about 200 V) but the output displacement is small. Consequently, to obtain a large displacement, a displacement magnifying mechanism is needed, but it leads to more complexity of the structure. Compared to piezoelectric driving, electromagnetic driving has the characteristic of large output displacement, fast response, low driving voltage, simple structure, easy to control. So, Dargent et al. (2009) from Université Lille Nord de France presented a flapping structure that is actuated by electromagnetic actuator, moreover, they had successfully fabricated the insect scale structure by MEMS technology. Although Dargent et al. also verified the feasibility of flapping in this structure, they just did the experiment with an L-beam actuated by a shaker, so it is not a whole prototype (without wings). What is more, it is unsuitable for this structure to use gap between thorax and tergum which is large (about 50 lm), because it brings about energy loss and structure hit (between the thorax and tergum). In addition, it is difficult to realize assembly due to the small size that approaches life-size insect dimensions. So on the whole, this structure, obviously, has limits in integrity, transferring efficiency and assembly.
Based on the applications of MEMS technology which enables process repeatability, size control and weight minimization, an insect-inspired FMAV design inspired from insects is presented. To avoid the significant energy loss and structure hit due to the gap between the thorax and tergum, flexures are used in place of the gap (Fig. 1b) . In addition, in our structure two wings is installed to achieve an integrated prototype. This paper is organized as follows: firstly, based on this accomplishment and by considering the characteristics of some flying insects, the principle and design of a flying MEMS are proposed. The FMAV actuated by an electromagnetic actuator with low energy consumption is realized by imitating insect's principle and meanwhile the choice of material is then described. Some theoretical analysis including electromagnetic analysis, modal analysis and kinetics analysis are made to validate the proposed concepts, and to obtain a way for sizing the structure. Secondly, the fabrication of the insect-inspired FMAV with MEMS technology is proposed. Finally, by using a resonant wing at the same frequency as insects' flapping wings, we have demonstrated experimentally the feasibility of the insect-inspired FMAV which integrates the thorax, flexure hinges, two wings, a tergum and an actuator in this paper. Fig. 1a , Dipteran insects drive their wings using indirect flight muscles attached to the exoskeleton dorsally and a deformable section of the exoskeleton call the scutum ventrally. It is actuated by the dorsoventral and dorsolongitudinal muscles. The dorsoventral muscles act to depress the scutum and the dorsolongitudinal muscle acts to shorten the thorax and return the scutum to its relaxed state to generate the 'up-stroke' and 'down-stroke' (Miyan and Ewing 1985; Combes and Daniel 2003a, b) . Our design is based on the insects' flight mechanism.
Design and fabrication

Principle and design
Shown in
To obtain simple structure, light weight, easy machining, low energy consumption and large flapping angle, the insect-inspired FMAV presented in this paper (Fig. 1b) contains flexure hinges, wings, thorax (equivalent to the exoskeleton), tergum (equivalent to the scutum) and electromagnetic actuator (equivalent to muscles). The flexure hinge for transmission is located between two thoraxes which constitute the rigid part of the system, and the tergum is fixed on the flexure hinge which is wider than tergum. Compared to the design of gap structure in the transmission of T Dargent's structure, the flexure hinge can reduce significant energy loss from the actuator to the wings. The wing composed of vein and membrane is connected at the end of the tergum. Close to the biological system, the permanent magnet and the copper wires of the actuator are installed on the center of the tergum and thorax, respectively. When the impulse electric current is acted on copper wire, the motion of permanent magnet is transferred from the center of tergum to wing via the flexure hinge to make two wings 'up-stroke' and 'down-stroke'.
The insect-inspired FMAV presented in this paper adopt flexure hinge to replace gap joint and use passive twist to allow the number of actuators to be decreased and then to allow simple control systems to be implemented. To realize the design aim of FMAV, the structure, materials and fabrication need to be considered as a whole. Fig. 1b , FMAV is mainly composed of actuator, transmission and wings. (Wood 2007a, b) . b FMAV structure 2.1.1.1 Actuator To keep as close as possible to the biological system, the actuator is placed on the center of the thorax which constrains the tergum to drive the wings as an insect's ones. Small size limits the choice of actuation technology. In this paper, due to the need for the form of force and displacement, electromagnetic actuation is chosen for its numerous benefits: large output displacement, fast response, low driving voltage, simple structure, easy to control and integrate with tiny system, which is mentioned above.
Structure
Shown in
2.1.1.2 Transmission The transmission amplifies the actuator motion from a translational input to a rotational output while imposing current to the actuator. However, the revolute joints in a traditional transmission, due to unfavorable surface area scaling, the components of revolute joints would result in significant friction losses as the characteristic size is decreased. What is more, under the current processing technology, it is difficult to adopt traditional revolute joints for insect-size FAMV. Instead, flexures are used in place of revolute joints (Fig. 2) .
In this paper the transmission is actually realized by a ''sandwich'' structure composed of thorax, flexure hinge and tergum. To create the jointed structures, thoraxes are fabricated by micromachining as face sheets and polyimide is used for the flexure hinge which is used to provide pivot point; tergum is fixed on flexure hinge. The actuator and transmission directly control the wing's stroke. When electromagnetic force Fe is imposed on the center of the tergum, with little damping, the energy can be transmitted from center to the wings to make wings root produce displacement X 0 (Fig. 2a) . The flexure hinge can be created by laser processing.
Wings
The wings are designed to match the shape and size of the wings of Syrphid hoverflies. They are morphologically similar to insect wings created as a combination of rigid 'veins' and a thin film 'membrane'. Vein is directly analogous to the reinforcement structure of most insect wings (Combes and Daniel 2003a, b) and wing membrane has essentially an aerodynamic effect. The vein consists of 40 lm thick SU-8 and the membrane is 7.5 lm thick polyimide. There must be large flexure and passive twist without joint at the wing root so it will generate two different movements in the flapping process, fluctuation flapping and passive reverse aimed at generating attack angle that is benefit to generating lift. Two movements have important influence on thrust and lift. The 'up-stroke' and 'down-stroke' is achieved by bending of wing root and twisting is developed passively with an additional flexure hinge positioned between the end of tergum and the wing root (Fig. 3) . Moreover, wing membrane deformation will also lead to the effective instantaneous angle of attack. Combes and Daniel (2003a, b) find that the direction and magnitude of aerodynamic force production can be changed due to the bending and twisting of wing membranes during flight. The deformations of the wing membranes increase thrust production in some species by creating a force asymmetry between half-strokes and can enhance lift production by allowing wings to twist and generate upward force throughout the stroke cycle. The material and structural properties of the membranes, together with the veins of insect wings, are associated with insect flight that they determine how the wing will change shape in response to aerodynamic force. However, the basic material and mechanical properties of insect wing veins and membranes are not clearly understood very well. The measurements of the mechanical properties of wings are rare. In the field of microsystem technologies, polyimide has good adaptability and good transfer effect, so polyimide with 7.5 lm thick is chosen for wing membrane, its young's modulus is 2.5 GPa, close to that of the membranes of living and dead dragonflies which are 2.85 ± 0.23 and 2.74 ± 0.28 GPa, respectively, obtained by Song et al. (2007) using nanoindentation. Meanwhile, the flexural stiffness of the wings come from the thickness of the vein, changing the thickness of the veins, we can adapt the material stiffness value. And SU-8 appears to approach the insect wing characteristics, its density is 1,190 kg/m 3 consistent with the 1,200 kg/m -3 density measured in insect wings by Wainwright (1982) . The flexural stiffness values vary between 10 -6 and 10 -3 Nm 2 according to the insect wings, in our wings, flexural stiffness is about 1.05 9 10 -6 Nm 2 which is similar to that of the diptera order.
The material
To realize energy transferring from center of tergum to wings, we use the flexure hinge. The connection of flexure hinge and thorax forms two pivot points for energy transferring. The material of flexure hinge should have enough fatigue strength and small elastic modulus and it should provide a large deformation with little damping in flapping process, so the flexural stiffness of the chosen material for flexure hinge should be as small as possible. Here, polyimide is chosen its excellent mechanical properties.
Tergum and wing root are directly connected, the stored energy caused by tergum deformation is directly transferred to both ends of the wings. The tergum needs large deformation, so the choice of material is very important. It must be very flexible and elastic after large deflections but must not be plastically deformed. In the field of microsystem technologies, SU-8 has density of 1,190 kg/m 3 , poisson ratio of 0.22, young's modulus of 2.0 GPa, hardness of 0.14 GPa (Dargent et al. 2009 ). The stiffness and elastic limit of SU-8 make it possible to obtain greater bending without breaking the structure. Considering tergum's need for the material, SU-8 is chosen for tergum.
A high-performance permanent magnet N50 (the maximum of magnetic energy product is approximately 303 kJ/m 3 ) is chosen. We need an electromagnetic actuator with smaller size and lighter weight but to get larger force and displacement.
The electromagnetic analysis
Electromagnetic actuator is comprised of a permanent magnet and coils. Based on selected permanent magnet, magnetic field strength is analyzed by ANSYS and theoretical formula respectively, with the axis of the single spiral coil and permanent magnets coinciding completely. Obviously, electromagnetic force has linear relationships with current and turns of coils, so we do not have specifically analysis for it.
However, the relationship between electromagnetic force Fe and the distance x is nonlinear. We propose theoretical analysis to it. Shown in Fig. 4 , curve with ''*'' represents the result according to the formula (Xu Qun et al. 2010 ) calculated by MATLAB; curve with ''o'' represents the result obtained by ANSYS analysis. The result of the formula is approximately in agreement with simulation result. With the size of the coils, current and the turns of coils determined, we obtain different electromagnetic forces by changing the distance between coils and permanent magnet x. Shown in Fig. 4 , when x is about -2 mm and 1 mm, the absolute value of force is the largest, about 5 mN.
In actual design, considering SU-8 working life, we did not choose 5 mN, instead, we set the initial distance x to 2.6 mm and the corresponding Fe is about 1.5 mN which can generate about 30°flapping angle. Further analysis will be made later.
Also, it is feasible to change the turn of coils and current to change electromagnetic force. However, due to limitations of manufacture technology and design requirement, number of coil turns should not be too large. So we choose 135 turns. The current is set to 100 mA in case of large energy consumption.
2.1.4
The modal analysis and kinetics analysis 2.1.4.1 The modal analysis based on ANSYS To get the right deformation cases, with a minimum of power consumption for maximum vibration amplitude, it is necessary to choose a vibration frequency close to the inherent frequency.
Appropriate vibration frequency for transmission mechanism can lead to appropriate deformation that we need. So, we will discuss about modal analysis of this structure to obtain the inherent frequency. This paper lists the first four orders among the many inherent frequencies. By using modal analysis we get the inherent frequency in Table 1 below. Shown in Fig. 5 , obviously, second-order vibration modal, third-order vibration mode, fourth-order vibration mode is not what we want, so the vibration frequency should be far away from those modes.
The kinetics analysis
The electromagnetic actuator model is shown in Fig. 6 .
The electromagnetic force can be calculated as follows (Xu Qun et al. 2010) :
The kinetics equation can be described as:
x is the distance between coils and permanent magnet. c is damping coefficients that can be negligible; l and R is the length and external radius of coils respectively; h is the height of permanent magnet; m, D and Hc is the mass, diameter and coercive force of the permanent magnet, respectively; s and n is the radial and axial layer of coils respectively; k is coefficient of elasticity of tergum whose material is SU-8; I is the current. Nonlinear second order differential equation with constant coefficients can be solved with LongGe coulthard method by MATLAB. The initial position of permanent magnet is x(0). The pulsed current peak of 100 mA amplitude and frequency of 130 Hz is added to coils, and we can get the force curve of permanent magnet and the curve of flapping angle as Fig. 7 . We can obtain the calculated result h = 29°, good correspondence with 27°of the experiment result, however, the existing of air resistance can generate smaller flapping angle than the calculated result.
When the periodic square wave current (shown in Fig. 7a ) is added to coils, the permanent magnet will be acted on by periodic force F (Fig. 7c) composed of periodic electromagnetic force Fe, periodic elastic force Fk and the gravity of permanent magnet Fg (Fig. 7b) . Elastic force
Fk waveform appears close to sine wave and electromagnetic force Fe close to square wave but not correspondence exactly, the reason for this is that Fe is not only relative to current, but also relative to the distance between permanent magnet and coils (Fig. 4) . Permanent magnet moves down while distance varying between 0 and 8 mm, as the Fk value increases Fe value decreases. So the peak value of Fe appears to be similar to the variation of Fk value, shown in Fig. 4b . What's more, due to the inertia force, when I is zero, Fe still appears negative value. Resultant force F composed of Fk, Fg and Fe, presents cyclical waveform (Fig. 7c) , F leads to the flapping angle ( Fig. 7d) with the same frequency as F. Seeing the curve, we can get the biggest flapping angle value 29°. Because the applied current value is only 0 and 100 mA, flapping angle value is almost positive.
Fabrication
The fabrication of thorax structure
MEMS technology is proposed to fabricate thorax, and the details will be given as follows (fabrication process is shown in Fig. 8 ), SU-8 2100 photoresist is spinned (600 rpm) on Cr/Cu seed layers to generate about 500 lm layer. After sputtering, prebake is performed in baking oven for 30 min at 65°C and subsequent baking for 3 h at 95°C, then, the exposure is performed with an exposure time of 300 s to obtain the thorax pattern. After exposure, post bake is performed in 90°C baking oven for 30 min. Then the substrate is immersed in SU-8 developer for 65 min. Finally, the substrate is put into the solution (200 ml H 2 O ? 50 g Ce(NH 4 ) 2 (NO 3 ) 6 ? 12-13 ml HClO 4 ) a few hours till seed layer is removed, then the half thorax structure is obtained. The flexure hinge is processed by laser processing, half thorax and the whole assembling thorax are shown in Fig. 9 . To make sure the relative position of the half-thorax, two narrow beams is designed to connect two parts, then is broken after assembling. Similarly, the middle of the flexure hinge makes the assembling between flexure hinge and tergum much easier, also it needs to be broken.
The fabrication of wing
Wing is made up of vein and wing membrane which can be processed respectively, then unite them together with epoxy glue. The fabrication process of the vein structure is quite similar to that of the thorax structure except that the mask used here is different, the type of SU-8 is different due to the different structure, the photoresist is 3050, which can be spinned (3,500 rpm) to generate 50 lm layer. In the prebake processing, the substrate is put into baking oven at 65°C for 30 min, subsequently put into baking oven at 95°C for 1 h, and exposure is performed for 30 s to generate vein pattern. Post baking is performed in 90°C baking oven for 30 min. Then, development (10 min) in the developer, rinse are done as the procedure given in the end of section, then lift-off is made in the solution (200 ml H 2 O ? 50 g Ce(NH 4 ) 2 (NO 3 ) 6 ? 12-13 ml HClO 4 ) to remove the seed layer and obtain the vein structure from substrate, thereby obtaining the final structure. Polyimide film is processed by laser processing technology according to insect wings' shape to obtain wing membrane. Then vein and wing membrane are united together with epoxy glue. Finally the whole wing comprised of vein and wing membrane is obtained, the resulting airfoils are shown in Fig. 10 . 
The fabrication of tergum
Tergum has the similar process to that of vein, using the same type of SU-8 3050, and the spinning speed is 3,000 rpm. The exposure time is 50 s approximately, longer than that of vein. The development time is about 15 min. Other technological parameters can refer to that of vein. Finally, tergum structure is obtained, shown in Fig. 11 .
Integration and experimental results
In order to validate that the model with 3.5 cm wingspan presented in this paper is feasible, an experiment is conducted after installing electromagnetic actuator on the model. Coils are connected on thorax with epoxy glue, and permanent magnet is fixed on the center of tergum. The whole model completed is shown in Fig. 12 . The amplitude and frequency can be controlled by PWM with capability of driving inductive load and the peak current is about 100 mA. The main results obtained are summarized in Tables 2 and 3 , which validate the feasibility made for the envisaged structure.
As shown in Table 3 , the experimental and calculated results are obtained with a frequency (130 Hz). Indeed, a flapping angle of 27°has been measured by catching the position of two wing tips simultaneously. So the concept of a 144 mg, 3.5 cm wingspan FMAV is validated (Fig. 13) . The experimental flapping resonance is 130 Hz, which is much smaller than first-order vibration mode, so it will avoid the unwanted modal shown in Fig. 5 .
Discussion and further work
Future developments now include the construction of a more advanced prototype with optimization of a lightweight and large flapping angle, the main goal being to Fig. 13 Experimental result achieve correct kinematic wing patterns, enough lift and generating upward thrust for the prototype vehicles to fly. To obtain a lighter weight, some work like size optimization of thorax and the coils need to be done.
Bionic optimization and further modal analysis
The architecture of the wing (vein arrangement, threedimensional relief, flexion lines, etc.) and the material properties of its elements determine how the wing will change shape in response to these forces including aerodynamic and inertial forces generated by the wing's motions. Insect wing veins are the primary supporting structures in wings. The arrangement of veins and complexity of vein branching vary widely among insects. In FMAV design, the membrane slightly modifies the stiffness, but it has essentially an aerodynamic effect. The material and structural properties of the membranes (surface topography, etc.) are associated with insect including significant effect on lift and thrust. And the stiffness is getting smaller along the leading edge of wing; the stiffness is also changing, along cross section of the wing, similar to cicada.
The research for suitable modal generating flapping and twisting motion is significant to simplify the transmission. To get a larger flapping angle, a higher frequency that near to the first-order vibration will be tested. To get suitable wing passive rotation with simpler transmission, besides optimizing the flexible connection between wings root and the end of tergum, or optimizing the position of wing's center of mass to produce the passive twist. We will try to find out the modal shape including flapping and twisting simultaneously, then the wings will be driven open loop at the flapping resonance to maximize the flapping and twisting amplitude.
Further study for a more advanced prototype integration
Further, a more advanced prototype integration will be developed. Control of up and down movements needs to be incorporated using on-board power. Other miniaturized components, such as an accelerometer, a microcontroller, etc., also need to be built for such microrobots. FMAVs' research and development not only resolve its own problems, but also play a positive role in promoting developments in the field of its related technologies. Once FMAV practical standards, its economic and social role will become increasingly apparent. As the micro flappingwing aircraft itself has a certain risk, therefore its market application also needs a process. There is a great distance away from the practical stage. Hence further efforts should be devoted to the implementation of FMAV.
Conclusion
This paper achieves design, production and testing of 3.5 cm wingspan FMAV based on electromagnetic drive successfully. The flexure hinge avoids the hit caused by gap fit between thorax and tergum, and the thorax is simplified to make the micromachining process easier.
In this paper, firstly, a feasible design comprised of flexure hinge, thorax, tergum and wing is proposed. Secondly, modal analysis and kinetics analysis for design is performed; simultaneously, magnetic field strength for actuator design is analyzed, showing that the relationship of Fe and the distance x; Thirdly, based on MEMS technology, the structure integrating the thorax, two wings and a tergum are fabricated by MEMS technology; Finally, we make an experiment on the FMAV with wingspan 3.5 cm and validate its feasibility.
FMAV requires light weight, simple structure. So future development includes more advanced prototype with optimization of a lightweight, a smaller size structure being constructed in order to realize the FMAV taking off. The material of tergum can choose carbon fiber with high strength, the size of thorax, the parameters of coil and permanent magnet could be further optimized to reduce vehicle weight. To generate enough lift and generate upward thrust for flight, a more specific work should be done about the passive twist induced by analyzing the position of the center of gravity of the wing, and some optimizing about the size of transmission mechanism and electromagnetic actuator need to be performed for larger flapping angle.
